Salmonella enterica degrades 1,2-propanediol (1,2-PD) in a coenzyme B 12 -dependent manner. Previous enzymatic assays of crude cell extracts indicated that a phosphotransacylase (PTAC) was needed for this process, but the enzyme involved was not identified. Here, we show that the pduL gene encodes an evolutionarily distinct PTAC used for 1,2-PD degradation. Growth tests showed that pduL mutants were unable to ferment 1,2-PD and were also impaired for aerobic growth on this compound. Enzyme assays showed that cell extracts from a pduL mutant lacked measurable PTAC activity in a background that also carried a pta mutation (the pta gene was previously shown to encode a PTAC enzyme). Ectopic expression of pduL corrected the growth defects of a pta mutant. PduL fused to eight C-terminal histidine residues (PduL-His 8 ) was purified, and its kinetic constants were determined: the V max was 51.7 ؎ 7.6 mol min ؊1 mg ؊1 , and the K m values for propionyl-PO 4 2؊ and acetyl-PO 4 2؊ were 0.61 and 0.97 mM, respectively. Sequence analyses showed that PduL is unrelated in amino acid sequence to known PTAC enzymes and that PduL homologues are distributed among at least 49 bacterial species but are absent from the Archaea and Eukarya.
A number of bacterial genera including Salmonella, Klebsiella, Shigella, Yersinia, Listeria, Lactobacillus, and Lactococcus include members that grow on 1,2-propanediol (1,2-PD) in a coenzyme B 12 -dependent fashion. 1,2-PD is a major product of the fermentation of rhamnose and fucose, which are common sugars in plant cell walls, bacterial exopolysaccharides, and the glycoconjugates of intestinal epithelial cells. Accordingly, the ability to degrade 1,2-PD is thought to provide a selective advantage in anaerobic environments such as the large intestines of higher animals, sediments, and the depths of soils. Recent studies with Salmonella enterica have shown that 1,2-PD degradation is one of the most complex metabolic processes known (6, 14, 15, 18, 19, 31) . The degradation of this small molecule requires catabolic enzymes, a system for recycling inactive cobalamins to coenzyme B 12 , and an unusual polyhedral body-microcompartment that is composed of metabolic enzymes encased within a multiprotein shell.
A pathway for 1,2-PD degradation by S. enterica has been proposed based on enzymatic studies of crude cell extracts and genetic analyses (25, 37) . In the first step of the pathway, 1,2-PD is converted to propionaldehyde via coenzyme B 12 dependent diol dehydratase (1) . Propionaldehyde is then converted to 1-propanol and propionic acid by a reaction series thought to involve 1-propanol dehydrogenase, coenzyme A (CoA)-dependent propionaldehyde dehydrogenase, phosphotransacylase (PTAC), and propionate kinase (25, 37) . This pathway generates one ATP, an electron sink, and a threecarbon intermediate (propionyl-CoA), which feeds into central metabolism via the methylcitrate pathway (16) .
The genes specifically required for 1,2-PD utilization (pdu) by S. enterica form a single contiguous cluster, the pdu locus. DNA sequence analyses indicate that this locus includes 23 genes (6, 7, 10) . Based on experimental and/or bioinformatic analyses, six pdu genes are thought to encode enzymes needed for the 1,2-PD degradative pathway (6) , two are involved in transport and regulation (5, 10) , two are probably involved in diol dehydratase reactivation (6) , two are used for the conversion of vitamin B 12 to coenzyme B 12 (18, 31) , four are of unknown function, and seven share similarity to genes involved in the formation of carboxysomes, a polyhedral body found in certain cyanobacteria and chemoautotrophs (6, 10) . Although the methylcitrate pathway is required for the growth of S. enterica on 1,2-PD as a sole carbon source, the genes for this pathway map outside the pdu locus (16) .
It was recently shown that S. enterica forms polyhedral bodies (PhBs) during growth on 1,2-PD (6, 15, 36) . These bodies are extremely large macromolecular complexes that are 100 to 150 nm in cross section and consist of metabolic enzymes encased within a protein shell. Purification of these structures showed that they are composed of at least 14 different polypeptides (PduABBЈCDEGHJKOPTU) (14) . This includes four enzymes and as many as seven shell proteins, all of which are encoded by the pdu locus. The first two steps of 1,2-PD degradation are thought to occur in the lumen of the PhBs, and the remaining steps are thought to occur in the cytoplasm of the cell ( Fig. 1) (14) . The function of PhBs is uncertain. Previous studies suggested that they act as microcompartments that sequester propionaldehyde (an intermediate of 1,2-PD degradation) in order to minimize toxicity and/or prevent carbon loss (9, 14, 15, 28) . Interestingly, recent genomic analyses tentatively indicated that there are seven functionally distinct polyhedral bodies distributed among over 40 genera of bacteria (4). Thus, polyhedral bodies may be a general mechanism of metabolic organization in the Bacteria.
As described above, previous enzymatic analysis of crude cell extracts indicated that a PTAC is used for 1,2-PD degradation (25, 37) . However, the enzyme involved was not identified. Here, we show that the pduL gene encodes a conserved, evolutionarily distinct PTAC that functions in 1,2-PD degradation by S. enterica.
MATERIALS AND METHODS
Chemicals and reagents. Antibiotics, vitamin B 12 , and acetyl-PO 4 2Ϫ were obtained from Sigma Chemical Company (St. Louis, MO). Propionyl-PO 4 2Ϫ was synthesized as described previously (27) . Isopropyl-␤-D-thiogalactopyranoside (IPTG) was obtained from Diagnostic Chemicals Limited (Charlotteville, PEI, Canada). Restriction enzymes and T4 DNA ligase were obtained from New England Biolabs (Beverly, MA). Coomassie brilliant blue R-250, EDTA, ethidium bromide, 2-mercaptoethanol, and sodium dodecyl sulfate (SDS) were obtained from Bio-Rad (Hercules, CA). Other chemicals were obtained from Fisher Scientific (Pittsburgh, PA).
Bacterial strains, media, and growth conditions. The bacterial strains used in this study are listed in Table 1 . The rich medium used was Luria-Bertani/Lennox (LB) medium (Difco, Detroit, MI) (23) . The minimal medium used was nocarbon-E (NCE) medium containing supplements indicated in the text and figure legends (3, 38) . MacConkey-1,2-PD indicator medium contained MacConkey agar base (Difco), 1% 1,2-PD, and 200 ng ml Ϫ1 of vitamin B 12 .
General molecular methods. Agarose gel electrophoresis was performed as described previously (30) . Plasmid DNA was purified by the alkaline lysis procedure (30) or by using QIAGEN (Chatsworth, CA) products according to the manufacturer's instructions. Following restriction digestion or PCR amplification, DNA was purified using Promega Wizard PCR Preps (Madison, WI) or QIAGEN gel extraction kits. Restriction digests were carried out using standard protocols (30) . For ligation of DNA fragments, T4 DNA ligase was used according to the manufacturer's directions. Electroporation was carried out as previously described (6) .
Protein methods. Polyacrylamide gel electrophoresis (PAGE) was performed using Bio-Rad Redigels and Bio-Rad Mini-Protean II electrophoresis cells according to the manufacturer's instructions. Following gel electrophoresis, Coomassie brilliant blue R-250 was used to stain proteins. The (12) , a mutant phage that has high transducing ability (32), as described previously. Transductants were tested for phage contamination and sensitivity by streaking on green plates against P22 H5.
Construction of plasmids for production of PduL and PduL-His 8 . PCR was used to amplify the pduL coding sequence from template pMGS2 (15) . The primers used for amplification were 5Ј-GCCGCCAGATCTATGGATAAAGA GCTTCTGCAATCA-3Ј and 5Ј-GCCGCCAAGCTTATTATCGCGGGCCTAC CAGCCG-3Ј. These PCR primers introduced BglII and HindIII restriction sites that were used for cloning into vector pLAC22 (39) . Following ligation, clones were introduced into Escherichia coli DH5␣ by electroporation, and transformants were selected by plating onto LB agar supplemented with 100 g ml Ϫ1 ampicillin (Amp) (18) . Pure cultures were prepared from selected transformants. The presence of insert DNA was verified by restriction analysis or PCR, and the DNA sequence of selected pduL clones was determined. Clones with the expected DNA sequence were used for further study.
A similar procedure was used to clone PduL fused to eight C-terminal histidine residues (PduL-His 8 ) with the following differences. The primers used for PCR amplification were 5Ј-GCCGCCAGATCTATGGATAAAGAGCTTCTG CAATCA-3Ј and 5Ј-GCCGCCAAGCTTATTAATGATGATGATGATGATG ATGATGTCGCGGGCCTACCAGCCG-3Ј. The PCR product was ligated into T7 expression vector pTA925 (18) . Transformation was done by electroporation, and LB plates supplemented with 25 g ml Ϫ1 kanamycin (Kan) were used to select for transformants.
Growth of the PduL-His 8 production strain. A T7 expression plasmid (pTA925) was used for the production of PduL-His 8 . The host used for protein expression was E. coli BL21(DE3)RIL (Stratagene). This strain expresses T7 RNA polymerase as well as rare tRNAs for arginine, isoleucine, and leucine. Expression and control strains (BE554 and BE119) were grown in 400 ml LB broth containing 25 g/ml Kan and 10 g/ml chloramphenicol. Cultures were incubated at 15°C with shaking at 275 rpm in a 1-liter baffled Erlenmeyer flask. Cells were grown to an optical density at 600 nm of 0.6 to 0.8, and protein expression was induced by the addition of 1 mM IPTG. Cells were incubated for an additional 16 h and harvested by centrifugation at 8,000 ϫ g for 10 min and at 4°C using a Beckman JA-10 rotor and an Avanti J-25 centrifuge.
Purification of PduL-His 8 . The PduL-His 8 production strain (BE554) was grown as described above. One gram of cells (wet weight) was suspended in 3 ml of buffer containing 50 mM Tris-HCl (pH 7.2), 200 mM (NH 4 ) 2 SO 4 , and 0.4 mM AEBSF [4-(2-aminoethyl)benzenesulfonylfluoride⅐HCl]. Cells were broken using a French pressure cell at 20,000 lb/in 2 , and the resulting cell extract was centrifuged at 20,000 ϫ g using a Beckman JA-17 rotor. The supernatant fraction was filtered through a 0.45-m syringe filter. A chromatography column containing 1 ml of Ni-nitrilotriacetic acid resin (QIAGEN) was equilibrated with 5 ml of buffer A [50 mM Tris-HCl (pH 7.7), 25 mM KCl, 300 mM NaCl, 200 mM (NH 4 ) 2 SO 4 , 10 mM imidazole, and 5 mM 2-mercaptoethanol]. Filtered cell extract (2.5 ml, about 50 mg protein) was applied to the column. The column was washed with 15 ml of buffer A supplemented with 10% glycerol and 80 mM imidazole. The column was eluted with 10 ml of buffer A (in two of 5-ml steps) supplemented with 10% glycerol and 400 mM imidazole.
Preparation of cell extracts of S. enterica. Cells were grown under conditions that induce the pdu operon (5). Cell paste was suspended in 25 mM Tris-HCl (pH 7.2) containing 0.4 mM protease inhibitor AEBSF (3 ml of buffer per gram cells [wet weight]). Cells were broken using a French pressure cell (Thermo Electron Corp., Waltham, MA) at 20,000 lb/in 2 . PTAC assays. PTAC assays measured the conversion of acyl-PO 4 2Ϫ plus coenzyme A (HS-CoA) to acyl-CoA and were performed as described previously (21) . Standard assay mixtures contained 50 mM Tris-HCl (pH 7.2), 20 mM KCl, 0.2 mM HS-CoA, and 1 mM acyl-PO 4 2Ϫ in a total volume of 1 ml. For kinetic studies, the concentrations of certain assay components varied as indicated in the text. Activity was determined by monitoring the absorbance at 232 nm over time and by using an E 232 of 5.5 mM Ϫ1 cm Ϫ1 for calculations. Construction of a nonpolar PduL deletion. Bases 22 to 612 of the pduL coding sequence were deleted via a PCR-based method (24) . The deletion was designed to leave all predicted translational start and stop signals of pdu genes intact. The following primers were used for PCR amplification of the flanking regions of the pduL gene: 5Ј-GCTCTAGAGCCGAAATCAGCCTAATCGATGGCG-3Ј (primer 1), 5Ј-CGTTCATCGCGGGCCTACCAGCCGATCCATTACGCTTCACCTCG C-3Ј (primer 2), 5Ј-CGGCTGGTAGGCCCGCGATGAACG-3Ј (primer 3), and 5Ј-CGAGCTCGCCAGATGCATGATTTACTC-3Ј (primer 4). Primers 1 and 2 were used to amplify a 498-bp region upstream of the pduL gene, and primers 3 and 4 were used to amplify 527 bases downstream of the pduL gene. The upstream and downstream amplification products were purified and then fused by a PCR that included 1 ng/l of each product and primers 1 and 4. The fused product was digested with XbaI and SacI (these sites were designed into primers 1 and 4, respectively) and ligated into suicide vector pCVD442 that had been similarly digested. The ligation mixture was used to transform E. coli S17.1 by electroporation, and transformants were selected on LB medium supplemented with Amp (100 g/ml). Six transformants were screened by restriction analysis, and all transformants released an insert of the expected size (1,058 bp). One of these transformants was used to introduce the pduL deletion into the S. enterica chromosome using the procedure described previously by Miller and Mekalanos (24) , with the following modifications. For the conjugation step, strain BE47 was used as the recipient, and exconjugants were selected by plating onto LB agar supplemented with Amp (100 g/ml) and chloramphenicol (20 g/ml). Deletion of the pduL coding sequence was verified by PCR using chromosomal DNA as a template. Finally, the thr-480 dCAM insertion used for selection of exconjugants was "crossed off" by P22 transduction using a phage lysate prepared with the wild-type strain and by selecting for prototrophy on NCE glucose minimal medium.
Aerobic growth curves. Growth media are described in the figure legends. For strains carrying pLAC22, media were also supplemented with 100 g/ml Amp and 0.2 mM IPTG. To prepare the inoculum, LB cultures (2 ml) were incubated overnight at 37°C, and cells were then collected by centrifugation and resuspended in growth curve medium. Media were inoculated to a density of 0.15 absorbance units, and growth was monitored by measuring the optical density at 600 nm using a BioTek Synergy microplate reader with 48-well flat-bottom plates (Falcon), 0.5 ml of growth medium per well at 37°C, and shaking set at level 4. A relatively low volume of growth medium (0.5 ml) in a 48-well microplate was necessary for adequate aeration, and controls showed that growth under these conditions was similar to growth in shake flasks (data not shown).
Anaerobic growth curves. A procedure similar to that for aerobic growth curves was used to measure the fermentation of 1,2-PD but with the following differences. Cultures were inoculated to an initial density of 0.1 absorbance units. Microplates were sealed with polyolefin membranes (Fisher Scientific) inside an anaerobic growth chamber (Coy Laboratory Products, Grass Lake, MI). To monitor whether anaerobic conditions were maintained within the microplate, NCE glycerol minimal medium was added to several wells and inoculated with wild-type S. enterica. S. enterica cannot ferment glycerol; therefore, growth on glycerol would indicate the presence of oxygen. For the experiments described in this study, no growth in wells containing glycerol minimal medium was observed, indicating that the headspace contained minimal amounts of oxygen (data not shown).
DNA sequencing and analysis. DNA sequencing was carried out at the Iowa State University (ISU) DNA Facility using automated sequencing equipment from Applied Biosystems Inc. The template for DNA sequencing was plasmid DNA purified using QIAGEN 100 tips or QIAGEN Mini-Prep kits. Blast software was used for sequence similarity searching (2) . 
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RESULTS
The pta gene is nonessential for 1,2-PD degradation. Prior biochemical studies indicated that PTAC was needed for 1,2-PD degradation by S. enterica (25, 37) . In the proposed biochemical pathway, this enzyme catalyzed the conversion of propionyl-CoA to propionyl-phosphate (transfer of a threecarbon acyl group) (Fig. 1 ). An enzyme with homology to known PTAC enzymes is not encoded by the pdu locus (6). However, S. enterica produces a phosphotransacetylase (Pta)
encoded by the pta gene, which maps outside the pdu operon at centisome 50 (20) . Pta is used for growth on acetate and inositol and plays a key role in the interconversion of acetylCoA and acetyl-PO 4 2Ϫ (transfer of a two-carbon acyl group) (20) . In vitro, Pta not only mediates the interconversion of acetyl-CoA and acetyl phosphate, it also catalyzes the interconversion of propionyl-CoA and propionyl-PO 4 2Ϫ (20, 35) . This raised the question of whether pta plays a role in 1,2-PD degradation. Two independent pta mutants (BE281 and BE527) were examined for growth on 1,2-PD. Aerobically, both grew slightly faster than wild-type S. enterica. The doubling times for the wild type were typically 7.5 to 8.5 h, and those for the pta mutants were 6 to 7 h. Both pta mutants were reconstructed via P22 transduction to ensure that they were isogenic with the wild type and that both still exhibited a small increase in the growth rate on 1,2-PD (not shown). These results confirmed previous studies that showed that pta is not essential for aerobic growth of S. enterica on 1,2-PD minimal medium (26) .
Similarly, pta was unnecessary for the fermentation of 1,2-PD. Strains with pta mutations and wild-type S. enterica both had doubling times of 5 to 6 h during 1,2-PD fermentation. Phenotypic test showed that the pta mutants used in the abovementioned studies were impaired for growth on acetate or inositol minimal medium and lacked detectable pta activity in cell extracts, as is expected for pta mutants (20) . In addition, the growth defects on acetate and inositol were corrected by a pta minimal clone, and the chromosomal location of both pta insertions was verified by PCR (data not shown). Hence, we conclude that the pta gene is not essential for B 12 -dependent 1,2-PD degradation under either aerobic or anaerobic growth conditions.
Strains with pduL mutations produce less propionic acid on MacConkey-1,2-propanediol indicator medium. The finding that the pta gene was unnecessary for 1,2-PD degradation suggested that S. enterica expresses an additional PTAC that is sufficient to mediate this process. As part of ongoing studies of 1,2-PD degradation by S. enterica, we constructed a series of precise pdu deletion mutations using PCR-based methods (11, 24) . Tests with MacConkey-1,2-PD medium (17) indicated that three independent pduL deletion mutants each produced less propionic acid from 1,2-PD than did wild-type S. enterica. The enzymes that convert 1,2-PD to propionic acid were proposed to include coenzyme B 12 -dependent diol dehydratase, propionaldehyde dehydrogenase, propionate kinase, and PTAC ( Fig. 1) (25, 37) . Of these, only the gene for PTAC was not identified (7, 19, 26) . Hence, these results tentatively suggested that the pduL gene encodes a PTAC enzyme.
Enzyme assays indicate that pduL encodes a PTAC enzyme. Wild-type S. enterica as well as pduL and pta null mutants were grown under conditions that induce the pdu operon (5). Cell extracts were prepared and PTAC activity was measured using an assay that monitors the conversion of acyl-phosphate plus HS-CoA to acyl-CoA and inorganic phosphate (the reverse reaction with respect to 1,2-PD degradation). Both propionyl-PO 4 2Ϫ and acetyl-PO 4 2Ϫ were used as substrates. Cell extract from the wild-type strain had 8.9 mol min Ϫ1 mg Ϫ1 PTAC activity with propionyl-PO 4 2Ϫ ( Table 2 ). Extracts from pta or pduL mutants had partial activity (6.0 and 2.6 mol min Ϫ1 mg Ϫ1 , respectively) ( Table 2) . PTAC activity was undetectable in cell extracts from the double mutant (pta pduL). The simplest interpretation of these results is that pduL and pta each encode PTAC enzymes, which was previously shown for pta (20) . Furthermore, the pta pduL double mutant lacked detectable PTAC activity, demonstrating that the activity in Pta Ϫ PduL ϩ cell extracts required PduL. Enzyme assays also showed that the PTAC in Pta Ϫ PduL ϩ cell extracts was 15-fold more active with propionyl-PO 4
2Ϫ
than with acetyl-PO 4 2Ϫ (6 mol min Ϫ1 mg Ϫ1 compared to 0.4 mol min Ϫ1 mg Ϫ1 ) ( Table 2 ). This is consistent with a role for PduL in 1,2-PD degradation. On the other hand, the PTAC activity in Pta ϩ PduL Ϫ cell extracts was 1.6-fold more active with acetyl-PO 4 2Ϫ , consistent with the role of Pta in acetyl group metabolism (20) .
For the above-described enzyme assays, controls showed that detectable PTAC activity required acyl-phosphate and HS-CoA, and in all cases, PTAC activity was linear with the enzyme concentration (data not shown).
PduL mutants are impaired for aerobic growth on 1,2-PD. Compared to wild-type S. enterica, a pduL mutant (BE188) was impaired for aerobic growth on 1,2-PD ( Fig. 2A) . The doubling time for S. enterica was 7.9 Ϯ 0.5 h, and that of a pduL mutant was 12.6 Ϯ 0.6 h. Further impairment of growth was not seen in the pduL pta double mutant even though this mutant lacked measurable PTAC activity (data not shown). These findings are consistent with the idea that PduL is a PTAC involved in 1,2-PD degradation. Aerobically, growth on 1,2-PD is expected to proceed in the absence of PTAC, since propionyl-CoA (which is formed prior to the PTAC reaction) can be metabolized via the methylcitrate pathway ( Fig. 1) (16) . The observed growth impairment of the pduL mutant was likely due to reduced ATP synthesis resulting from a block in the oxidative branch of the 1,2-PD degradative pathway, although other explanations cannot be ruled out.
pduL mutants are unable to obtain energy from 1,2-PD under fermentative conditions. In the absence of an exogenous electron acceptor, the methylcitrate pathway is inoperative, and S. enterica is unable to grow on 1,2-PD as a sole carbon source (29) . Under these conditions, S. enterica converts 1,2-PD to 1-propanol and propionate (Fig. 1) . This stimulates growth on minimal medium supplemented with a small amount of yeast extract by providing a source of ATP (29) . The production of ATP via the conversion of 1,2-PD to propionate is expected to require PTAC (Fig. 1 ). Therefore, we tested the effect of a pduL mutation on this process. The doubling times of wild-type S. enterica in the presence and absence of 1,2-PD under fermentative conditions were 5.5 Ϯ 0.35 h and 10.7 Ϯ 0.29 h, respectively (Fig. 2B) ; the fermentation of 1,2-PD stimulated the growth rate about twofold, which is consistent with previous studies (29) . The doubling times of the pduL mutant (BE188) under fermentative conditions in the presence and absence of 1,2-PD were 13.1 Ϯ 1.0 and 13.3 Ϯ 0.95 h, respectively. This indicated that energy production via 1,2-PD fermentation was completely eliminated by the pduL mutation. This is consistent with a role for PduL in 1,2-PD degradation.
The pduL mutant used in the above-described studies contained a wild-type pta gene, indicating that Pta did not substitute for PduL under the conditions used to measure 1,2-PD fermentation. Furthermore, a pta null mutation (alone or in combination with a pduL null mutation) did not affect the fermentation of 1,2-PD (data not shown). These results indicate that the Pta enzyme is insufficient to support the fermentation of 1,2-PD and that PduL is required.
The observed phenotypes of a pduL mutant are complemented by a pduL minimal clone. Growth tests showed that the aerobic and anaerobic growth phenotypes described above for a pduL mutant (BE188) were fully corrected by the expression of a pduL minimal clone using a tightly regulated expression vector, pLAC22. Under aerobic conditions, the doubling times for BE287 (wild-type S. enterica/pLAC22-no insert) and BE286 (wild-type S. enterica/pLAC22-pduL) were 5.4 Ϯ 0.12 h and 6.0 Ϯ 0.32 h, respectively. The doubling times for strains for BE285 (pduL/pLAC22-no insert) and BE284 (pduL/pLAC22-pduL) were 8.2 Ϯ 0.71 and 5.5 Ϯ 0.25 h, respectively. Under anaerobic conditions, the doubling times for S. enterica/ pLAC22-no insert, S. enterica/pLAC22-pduL, pduL/pLAC22-no insert, and pduL/pLAC22-pduL were 5.0 Ϯ 0.22, 5.2 Ϯ 0.37, 11.1 Ϯ 0.19, and 5.3 Ϯ 0.40 h, respectively. Thus, under aerobic and anaerobic conditions, a pduL minimal clone complemented the growth defect of the pduL mutation. On the other hand, vectors without an insert did not correct the observed growth defects of the pduL mutant. These results show that the observed phenotypes of the pduL mutant (BE188) resulted from the deletion of the pduL gene but not from polarity or a mutation acquired during strain construction.
PduL substitutes for Pta in vivo during acetate utilization. Growth tests were performed to determine whether PduL could substitute for Pta in vivo. Previous studies showed that pta mutants grow very slowly on minimal medium with Ͼ30 mM acetate (20) . Here, we show that ectopic expression of PduL corrects this defect (Fig. 3) . The doubling times of the Pta ϩ strain and the pta mutant on acetate minimal medium were 4.4 Ϯ 0.41 and 28.6 Ϯ 1.4 h, respectively. The doubling time of a pta mutant producing PduL from expression vector pLAC22 was 3.7 Ϯ 0.1 h, which was slightly faster than the control (4.4 Ϯ 0.41 h). Hence, ectopic expression of pduL fully corrected the growth defect of the pta mutant on acetate minimal medium. Since Pta is a well-studied PTAC enzyme, this finding indicates that PduL also has PTAC activity. BE188 carries a precise deletion of the pduL gene made by a PCR-based method. The observed growth defects of BE188 were corrected by a pduL minimal clone. Each growth curve was performed three times in quadruplicate. Representative curves are shown. Log-phase doubling times with standard deviations are given in the text. The aerobic growth medium was NCE supplemented with 52 mM 1,2-PD, 200 ng ml Ϫ1 vitamin B 12 , and 0.3 mM valine, isoleucine, leucine, and threonine. The fermentation medium was NCE supplemented with 52 mM 1,2-PD, 200 ng ml Ϫ1 vitamin B 12 , and 0.2% yeast extract. The inoculation and incubation procedures are described in Materials and Methods. OD 600 , optical density at 600 nm. FIG. 3 . Ectopic expression of a pduL minimal clone corrects the growth defect of a pta mutant on acetate minimal medium. Data for S. enterica harboring expression vector pLAC22 without an insert (control), a pta mutant carrying pLAC22 without an insert (Pta Ϫ /no insert), and a pta mutant harboring a pduL minimal clone in pLAC22 (Pta Ϫ / pduL) are shown. The relevant strains are BE287, BE529, and BE530 (Table 1) . Controls showed that pLAC22 with or without the pduL insert did not observably affect the growth of the wild-type strain on acetate minimal medium (data not shown). In addition, the growth defect of the pta mutant was fully corrected by a pta minimal clone, showing that the effects of this mutation were not due to polarity (data not shown). The growth medium was NCE supplemented with 0.2% Na acetate and 0.2 mM IPTG. Each growth study was performed twice in quadruplicate. Representative curves are shown. Log-phase doubling times with standard deviations are given in the text. OD 600 , optical density at 600 nm.
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Propionyl-CoA is a product of the PduL reaction. The finding that HS-CoA was required for PduL activity (see above) indicated that an acyl-CoA was formed in assay mixtures. Moreover, the PTAC assay used to measure PduL activity monitored the absorbance at 232 nm, which monitors the formation of thioester bonds (13) . To confirm that acyl-CoA was formed in PduL enzyme assays, HPLC and HPLC-mass spectrometry were performed. Assay mixtures contained cell extract from BE527 (Pta Ϫ PduL ϩ ) or BE291 (Pta Ϫ PduL Ϫ ), HS-CoA, propionyl-PO 4 2Ϫ , and standard components; therefore, propionyl-CoA was the expected acyl-CoA product. Reverse-phase HPLC with UV detection at 260 nm was used to identify CoA compounds present in reaction mixtures. A single major compound with a retention time of 10.9 min was detected when Pta Ϫ PduL ϩ cell extracts were used. This compound coeluted with authentic propionyl-CoA following coinjection and produced a mass spectrum characteristic of propionyl-CoA via HPLC-ESI-MS (Fig. 4) . The major peaks for authentic propionyl-CoA and the PduL reaction product that eluted at 10.9 min were at m/z 824.1 or 824.2, respectively. These peaks correspond to [M ϩ H] ϩ for propionyl-CoA. In contrast, propionyl-CoA was undetectable by HPLC in assay mixtures containing cell extract from BE291 (Pta Ϫ PduL Ϫ ), and the major HPLC peak observed corresponded to HS-CoA (retention time, 4.5 min). Our interpretation of the abovedescribed results is that propionyl-CoA is a product of the PduL reaction.
Production of PduL-His 8 protein. E. coli strain BE554 was constructed to produce high levels of recombinant PduL fused to eight C-terminal histidine residues (PduL-His 8 ). Protein expression by BE554 and a control strain (BE119) was examined by SDS-PAGE (not shown) and enzyme assays. Relatively high amounts of a protein with a molecular mass of nearly 27 kDa were present in the inclusion body fraction from the pduL expression strain, which is near the predicted molecular mass for PduL-His 8 (24 kDa). However, a modest amount of soluble protein near this mass was produced.
To better assess the production of PduL-His 8 , cell extracts were tested for PTAC activity. Soluble extracts from the PduL production strain typically contained about 50 mol min Ϫ1 mg Ϫ1 activity, whereas the control strain produced only 2 mol min Ϫ1 mg Ϫ1 PTAC activity. Hence, a reasonable amount of PduL-His 8 appeared to be soluble and active under the production conditions used. On the other hand, although the inclusion body fraction from the expression strain contained high amounts of PduL-His 8 protein, the PTAC activity of this fraction was typically about twofold lower than that of the soluble fraction, indicating that most of the PduL in this fraction was inactive. No PTAC activity was detected in the inclusion body fraction from the control strain. The PTAC assay used measured the conversion of propionyl-PO 4 2Ϫ and HSCoA to propionyl-CoA and HPO 4 2Ϫ . No activity could be detected when enzyme, HS-CoA, or propionyl-PO 4 2Ϫ was omitted from the assay mixture. In each case, PTAC activity was linear with regard to the enzyme concentration (data not shown).
Purification and kinetic characterization of PduL-His 8 . PduL-His 8 was purified from cell extracts of strain BE554 by nickel affinity chromatography (Fig. 5) . Purified PduL-His 8 appeared to be homogenous following SDS-PAGE and Coomassie blue staining (Fig. 5) . Kinetic analysis showed that purified PduL-His 8 was 3.8-fold more active with propionyl-PO 4 2Ϫ than with acetyl-PO 4 2Ϫ (V max of 51.7 and 13.5 mol min Ϫ1 mg Ϫ1 , respectively) ( (10 g protein) ; lane 3, fraction obtained from the first elution step using buffer with 400 mM imidazole (2 g protein); lane 4, fraction obtained from the second elution step using buffer with 400 mM imidazole (2 g protein). A 12% acrylamide gel was stained with Coomassie brilliant blue R-250. of the total cell protein (Fig. 5) ; hence, these results suggest that PduL-His 8 lost activity during the course of purification. Indeed, PduL-His 8 was unstable in the purified form and lost about 50% of its activity 48 h after purification. The reported kinetic constants are based on assays done as soon as possible after purification. As the activity of PduL-His 8 decreased, its K m for HS-CoA and propionyl-PO 4 2Ϫ remained unchanged within experimental error. Its activity with propionyl-PO 4
2Ϫ
and acetyl-PO 4 2Ϫ decreased in direct proportion. We infer that the K m values reported here are representative but that the V max values are probably underestimated.
DISCUSSION
Here, we presented genetic and biochemical evidence that the pduL gene encodes a PTAC involved in 1,2-PD degradation. Growth tests showed that a pduL mutant was impaired for 1,2-PD degradation under aerobic and anaerobic conditions, indicating a role for pduL in 1,2-PD degradation. Growth studies also showed that ectopic expression of PduL corrected the growth defect of a pta mutant on acetate minimal medium, indicating that PduL has phosphotransacetylase activity in vivo. Enzyme assays of crude cell extracts demonstrated that pduL was necessary for the production of detectable PTAC activity in a genetic background that contained a pta mutation. HPLC-ESI-MS showed that propionyl-CoA was produced from propionyl-PO 4 2Ϫ and HS-CoA in PduL enzyme assays. PduL-His 8 was purified and found to have a specific activity of 57.4 mol min Ϫ1 mg Ϫ1 with propionyl-PO 4 2Ϫ as a substrate, indicating the PduL is sufficient for PTAC activity. Thus, genetic and biochemical studies indicate that PduL is a PTAC involved in 1,2-PD degradation.
BLAST and PSI-BLAST analyses (five iterations) showed that PduL lacks significant similarity to known PTAC enzymes. Thus, PduL is evolutionarily distinct. It either evolved independently of known PTAC enzymes or became highly divergent from them over time. Sequence analyses also showed that PduL homologues (expect Ͻ7 ϫ 10 Ϫ30 ) are found in 49/337 (14.5%) complete microbial genomes present in the GenBank database. No homologues of PduL were found among the Archaea or Eukarya. Hence, PduL is apparently a conserved protein specific to the Bacteria. In addition, BLAST analyses identified four PduL homologues that are fused to sequences with homology to acetate kinases. These may be dual-function enzymes that convert acyl-CoA to its corresponding organic acid with the synthesis of ATP.
Including PduL, there are three known classes of phosphotransacylases. The S. enterica PduL, Pta, and EutD enzymes are representatives of these classes. PduL is comprised of 210 amino acids, while Pta and EutD are 714 and 338 amino acids in length, respectively (8) . EutD and the C-terminal region of Pta are homologous. PduL lacks significant similarity to EutD and Pta. The N-terminal region of Pta contains BioD-like and "DRTGG" domains. These two domains are absent from EutD and PduL. The physiological role of these domains is uncertain. In enteric bacteria, acetyl group metabolism is linked to two-component signal transduction systems and DNA damage and repair in a complex manner (22, 34, 40) . The N-terminal domains of Pta may be needed to accommodate expanded physiological roles.
Kinetic studies with purified PduL-His 8 were performed ( Table 3 ). The V max of PduL with propionyl-PO 4 2Ϫ as a substrate was 51.7 Ϯ 7.6 mol min Ϫ1 mg Ϫ1 . Previously purified Pta enzymes were reported to have specific activities between 32 and 9006 mol min Ϫ1 mg Ϫ1 when acyl-PO 4 2Ϫ was used as a substrate (33) . The activity of PduL-His 8 is at the low end of this range but may be underestimated due to its instability (see Results).
The 2Ϫ is consistent with a role in 1,2-PD degradation. Furthermore, its relatively low activity with acetyl-PO 4 2Ϫ may be important to minimize the perturbation of acetyl group metabolism (22, 40) .
Two findings in this report were surprising to us: (i) the observation that pduL mutants were significantly impaired for growth on 1,2-PD minimal medium (Fig. 2) and (ii) the finding that a pduL pta double mutant was not further impaired for growth on 1,2-PD. Because Pta is known to be active with propionyl-PO 4 2Ϫ , we expected that Pta would partly substitute for PduL during growth of S. enterica on 1,2-PD. However, in the studies reported here, it did not. A simple explanation is that PduL is more efficient at propionyl group metabolism in vivo. Two explanations that we think are more interesting are the differential regulation of pta and pduL as well as the possibility that PduL is specifically adapted to function in concert with the polyhedral body-microcompartment involved in 1,2-PD degradation. 
